In this paper, an electroabsorption modulated laser (EML)-based vector radiofrequency (RF) optical signal generation scheme adopting frequency doubling and precoding is proposed and experimentally investigated. Compared with the expensive, large-size phase modulator, and intensity modulator, the EML is quite cost-efficient and much easier to integrate. Compared with the directly modulated laser, the EML has a larger bandwidth, which provides the possibility to generate huge bandwidth vector RF optical signal. We experimentally demonstrate the 4-GBd quadrature phase shift keying (QPSK) and 2-GBd 16-ary quadrature amplitude modulation (16 QAM) vector RF optical signal generation at 20 GHz, respectively. At the back-to-back case, the bit error rate (BER) can achieve the threshold of hard-decision feedforward error correction (HD-FEC) at 3.8 × 10 −3 . Moreover, 20-km single mode fiber-28 transmission causes no power penalty for the 20-GHz QPSK vector RF signal. To the best of our knowledge, this is the first time frequency doubling and precoding-based photonic vector RF signal generation adopting an EML has been demonstrated.
Introduction
The radio-over-fiber (RoF) communication system has a broad development prospect in future broadband wireless communications with the advantages of high mobility, large bandwidth, and low propagation loss [1] - [5] . To support various high data rate services, the spectral efficiency (SE) of the system needs to be increased within the limited frequency resource. The combination of the high order quadrature amplitude modulation (QAM) formats and the advanced digital signal processing (DSP) provides the possibility to increase the SE and the sensitivity of the optical receiver simultaneously [6] - [15] . However, it is challenging to use traditional electrical devices to generate a radio-frequency (RF) QAM signal with good quality at a very high frequency band.
By contrast, a high frequency RF vector signal can be generated stably by photonic techniques [16] - [19] , and several vector signal generation schemes based on optical carrier suppression (OCS) modulation have been proposed [20] - [25] . To adopt OCS modulation, precoding is necessary, and most of the OCS modulation schemes are based on the expensive phase modulator (PM) [20] - [24] or Mach-Zehnder modulator (MZM) [25] .
Compared to the costly MZM and PM, the electro-absorption modulated laser (EML) has a lower price, smaller size and weight, and is therefore easier to integrate. The EML also typically has a larger bandwidth than that of the directly modulated laser (DML), and the EML with 59-GHz optical bandwidth has been demonstrated in [26] . It would thus be of interest to study how the stable RF vector signal can be generated based on the cost effective EML.
In this paper, we investigate the EML-based photonic vector RF signal generation scheme adopting frequency doubling and precoding. The 4-Gbaud quadrature-phase-shift-keying (QPSK) precoded RF signal and 2-Gbaud 16-ary quadrature amplitude modulation (16 QAM) precoded RF signal at 10 GHz are successfully generated by MATLAB programming, respectively, and the 20-GHz QPSK and 16 QAM vector RF signals are generated with the bit error rate (BER) that is less than the hard-decision forward-error-correction (HD-FEC) threshold of 3.8 × 10 −3 . For the 20-GHz QPSK vector RF optical signal, 20-km single mode fiber-28 (SMF-28) transmission has been achieved successfully and causes no power penalty. To the best of our knowledge, this is the first time to demonstrate frequency doubling and precoding-based photonic vector RF signal generation adopting an EML.
Experimental Setup
Our experimental setup for EML-based photonic vector RF signal generation scheme adopting frequency doubling and precoding is shown in Fig. 1 . At the transmitter, an integrated EML is used as the optical source. The EML has a distributed feedback (DFB) laser and an electro-absorption modulator (EAM) within it. After amplified by an electrical amplifier (SHF 107CP) and mixed with a −1.8 V direct current (DC) bias, the precoded electrical signal drives the EAM. The 4-Gbaud QPSK-modulated precoded RF signal at 10 GHz or the 2-Gbaud 16 QAM-modulated precoded RF signal at 10 GHz is generated by a series of MATLAB processing offline, including bit generation, constellation mapping, precoding, and up-conversion, as shown in Fig. 2(a) . The precoding scheme for RF signal is described in [22] in detail. For QPSK, only phase needs to be precoded, while for 16 QAM, both amplitude and phase need to be precoded. The precoded signal is then converted to the analog signal by the digital-to-analog convertor (DAC). The DAC's sample rate is 64 GSa/s, and its 3-dB bandwidth is 13 GHz.
The measured optical power at the output of the EML is −11 dBm. The optical signal is then sent into a 12.5/25-GHz inter-leaver (IL) with 10-GHz bandwidth and 1.5-dB insert loss. The IL has two output ports. One port outputs the central optical carrier, and the other outputs the two sidebands spaced by 20 GHz, which are subsequently used for photonic detector (PD) detection. After transmitted over 20-km SMF, the optical signal passes through a variable optical attenuator (VOA) for bit error rate (BER) measurement. At the receiver side, the optical signal is first amplified by a Pre-erbium doped fiber amplifier (Pre-EDFA) and then sent into the PD (11982A) for heterodyne beating to generate the electrical RF signal displaying regular vector modulation. After that, the generated electrical RF signal is sampled by a real-time digital oscilloscope (OSC). The electrical bandwidth of the OSC is 30 GHz and its sampling rate is 80 GSa/s. The sampled signal subsequently is processed by offline DSP, which includes resampling, down conversion, constant modulus algorithm (CMA) equalization for QPSK modulation format or cascaded multi-modulus algorithm (CMMA) equalization for 16 QAM modulation format, frequency offset estimation (FOE), carrier phase recovery (CPR), differential decoding, and BER counting, as shown in Fig. 2(b) [22] .
Experimental Results and Discussions
The electrical spectra for the 4-GBaud precoded QPSK and the 2-GBaud precoded 16 QAM signals are shown in Fig. 3(a) and (b) , respectively. The optical spectra at the two output ports of the IL for the 4-GBaud QPSK signal are shown in Fig. 4 . As shown in Fig. 4(b) , the two sideband optical signals are spaced by 20 GHz. The electrical spectra at the receiver side for the 4-GBaud QPSK after 20-km SMF-28 transmission and 2-GBaud 16 QAM in the back-to-back case are, respectively, shown in Fig. 5(a) and (b) . In the QPSK case, the power launched into the pre-EDFA is −33.0 dBm, and in the 16 QAM case, the power is −23.7 dBm.
Constellations corresponding to the two cases aforementioned are shown in Fig. 6 . For each case, the constellations from left to right in Fig. 6 , correspond to the original received signal, as well as the signal after down conversion, after CMA/CMMA equalization, after FOE, and after CPR, respectively. Fig. 7 shows the BER versus the input power into pre-EDFA for both QPSK and 16 QAM signals. For the QPSK case, 20-km SMF transmission causes no power penalty and the BER can be below the threshold of HD-FEC (3.8 × 10 −3 ). The BER for the 2-Gbaud 16 QAM in the back-to-back case can also be below the threshold of HD-FEC (3.8 × 10 −3 ). The required input optical power at BER of 3.8 × 10 −3 for QPSK and 16 QAM is −35.6 dBm and −25.9 dBm, respectively. Therefore, the power penalty of 16 QAM to reach the threshold of HD-FEC is 9.7 dBm larger than that of QPSK. This is obviously true because the decision region of 16 QAM is quiet smaller than that of QPSK since 16 QAM has a smaller Euclidean distance than QPSK, and thus, the 16 QAM requires a relatively higher receiver sensitivity.
Conclusion
In this paper, we have proposed the scheme for vector RF signal generation based on the commercial EML adopting frequency doubling with precoding, and we have demonstrated the vector generation experiment successfully. The BER of 4-GBaud QPSK at 20 GHz can be lower than the threshold of HD-FEC (3.8 × 10 −3 ) for both back-to-back and 20-km SMF-28 fiber transmission, and the BER of 2-GBaud 16 QAM at 20 GHz can be lower than 3.8 × 10 −3 as well. For the QPSK vector signal generation, the 20-km SMF transmission causes no power penalty.
All the results indicate that the scheme we proposed works well for both constant-modulus and multi-modulus modulation formats. Compared to the expensive external optical modulator such as PM and MZM, the EML has lower price and smaller size and weight. The system we proposed therefore is easy to integrate and is cost effective. The EML also typically has a larger bandwidth than DML. Our scheme thus can be used to generate higher frequency and larger baud rate vector signal. To our best knowledge, this is the first experimental demonstration on EML-based vector signal generation.
